The phenomena associated with the adsorption/desorption of ammonium, nitrate and phosphate ions by an electrical double layer capacitor (EDLC) were examined as a new application of this device for the removal of environmental pollutants from freshwater rivers, lakes and marshes.
INTRODUCTION
The development of techniques for the removal of inorganic pollutants such as toxic metal ions and nutrients containing nitrogen and phosphorus from aqueous solutions is one of the most important issues for environmental processes. To date, many studies on the adsorption of these pollutants using activated carbons, which have high specific surface areas, have been reported (López-Ramón et al. 2003; Macías-García et al. 2004; Chen and Wu 2004; Kikuchi et al. 2006 ). However, the removal of metallic ions and the de-ionization of dilute aqueous solutions by electric double layer capacitors (EDLCs) have been examined only recently (Yang et al. 2001; Ying et al. 2002; Gabelich et al. 2002) . In this process, cations and anions are attracted electrostatically to their respective countercharged electrodes and are collected at the liquid/electrode interface known as the electrical double layer (EDL) . It was demonstrated that both types of ions saturated the EDL within a short time, and by application of a reverse potential the ions were desorbed and recovered as a highly concentrated electrolyte solution, with simultaneous regeneration of the electrodes (Mitsui et al. 2000) . Furthermore, it was found that the amount of ions removed was related to the specific surface area of the electrodes, and that the ease with which metal cations were removed and desorbed followed the sequence: alkali metal > alkali earth metal > transition metal (Oda and Nakagawa 2003) .
On the other hand, there have been few studies regarding the removal of ammonium, phosphate and nitrate ions, which are the cause of water degradation and nutrient enrichment. For this reason, their removal was examined using EDLCs as means of solving environmental problems associated with these specific ions. At a pH value above 7.0, it was found that the removal of ammonium species was difficult using this technique because of the low ionization of ammonia at high pH values (Hedstrom 2001) . Adjustment of the pH value to acidic levels was carried out to promote the ionization of ammonia; however, even under these conditions, the ammonium species were not removed efficiently, probably due to competitive adsorption between ammonium and hydrogen ions, the latter having the greater mobility.
In the present study, the removal of ammonium ions was examined by modifying activated carbon EDLC electrodes through the introduction of acidic functional groups onto the surfaces of the electrodes, in order to improve their performance in the removal of ammonium ions. Furthermore, it has been reported that the capacitance of an EDLC is increased when an electrode with many functional groups is used as a negative electrode (Yamashita et al. 2004) . For this reason, the influence of the amount of acidic functional groups on the electrode surface on the removal performance was investigated. Because the principle of the EDLC involves the storage of electricity, the correlation between the amount removed and the capacitance was also studied using cyclic voltammetry (CV) measurements. In addition, the adsorption/desorption phenomena of nitrate and phosphate anions by the EDLC were investigated in order to provide an insight into the mechanism involved. The point of zero charge (pzc) (Sposito 1998) of the activated carbon electrodes was measured, and the relationship between the pzc value and adsorption/desorption capabilities of electrodes towards the afore-mentioned anions was demonstrated.
EXPERIMENTAL

Electrode material
A commercial activated carbon fibre (ACF; Nippon Kynol) produced from a phenolic resin was used in this study. Approximately 3.4 g of ACF was oxidized by stirring in 200 ml of 0.01, 0.05, 0.1, 0.2 or 0.25 mol/ᐉ ammonium peroxodisulphate [(NH 4 ) 2 S 2 O 8 ] solutions for 48 h and then subjected to vacuum conditions for 1 h. The treated ACF was washed with ion-exchanged water and dried at 383 K for 2 h (the resulting sample is denoted as ACF1-5 below).
Characterization of the ACFs
Nitrogen adsorption/desorption isotherms were measured at 77 K for each ACF, using an automatic gas adsorption apparatus (Belsorp-mini, BEL, Japan). The specific surface areas, pore volumes and pore-size distributions of the various samples were analyzed using the BET, DR and t-plot methods, respectively. The pzc of each ACF was determined by the mass and acid/base potentiometric titration method proposed by Noh and Schwarz (1990) , while the acidity of each ACF was measured by the titration method suggested by Boehm (1964) . The chemical structures of the ACFs were analyzed using Fourier-transform infrared spectroscopy (FT-IR, JMS-7000, JEOL) over the 4200-500 cm -1 spectral range.
Method for the removal of ions
Ion-removal apparatus
The flow-through capacitor depicted in Figure 1 was employed. The apparatus was of a sandwich form, consisting of a pair of acrylic plates, a pair of current collectors, a pair of gaskets, a pair of electrodes and a separator piece. The ACFs dried at 383 K for 2 h were used as the carbon electrodes. The size of each electrode sheet was 50 × 50 × 1 mm. Graphite foils with a hole for the transfer of solution at the lower side (anode) or the upper side (cathode) and filter paper (Advantech No. 5C) were used as current collectors and separators, respectively.
Removal of ammonium ions
A feed solution of concentration 1.0 mmol/ᐉ was prepared by the dissolution of ammonium chloride (Wako Chemicals) in ion-exchanged water. The solution was fed into the apparatus via the inlet on the cathode side at a flow rate of 1.0 mᐉ/min and flowed out from the outlet on the anode side. When the concentration of the effluent from the apparatus was constant, the ionremoval operation was carried out by applying a direct potential of 1.0 V for 120 min. The electrical charge of the EDLC was calculated from the current value during the time of operation.
Procedure for the concentration of anions in the EDLC
Feed solutions of 1.0 mmol/ᐉ concentration were prepared using sodium nitrate and sodium phosphate (Wako Chemicals). No adjustment was made to the pH value of any of the solutions. Ions were collected over an operation time of 29 min under the same conditions as used for the removal of ammonium ions. The operation for the concentration of ions in the EDLC was as follows. After stopping the feed flow, a reverse voltage of 1.0 V was applied immediately for 1 min, then cut off and the flow of the feed solution immediately re-commenced at 5.0 mᐉ/min for 5 min to recover the electrolyte captured in the EDLC. The procedure was performed 10 times after which the concentration of the effluent was measured.
Measurement of the concentration of ions
The concentrations of the anion solutions were measured using anion chromatography (HIC-6A, Shimadzu). The ammonium ion concentration was analyzed by the indophenol method (JIS K0101) using a UV spectrophotometer (V-550, Nihon Bunkou).
Cyclic voltammetry
Cyclic voltammograms (HZ-3000, Hokuto Denko) were measured at a concentration of 1.0 mol/ᐉ for each electrolyte solution employing a scan rate of 10 mV/s within the potential window of -0.20 to 0.60 V (vs. Ag/AgCl). A three-terminal cell consisting of two ACF electrodes and an Ag/AgCl electrode as a reference electrode was used. The CV operation was cycled for 10 times and a CV curve for each ACF electrode was taken from the data measured during the tenth cycle.
Measurement of capacitance
Galvanostatic charge/discharge tests (HJ-201B, Hokuto Denko) were measured over the voltage range from 0.2 to 0.8 V at a constant current density of 2.4 mA/cm 2 to evaluate the electrical capacitance of the ACFs. The capacitance was denoted as the average value from the 31st to the 40th cycles. Two-terminal cells consisting of 10 × 10 mm ACF sheets as positive and negative electrodes were employed. The aqueous electrolyte employed was a 1.0 mol/ᐉ H 2 SO 4 solution.
RESULTS AND DISCUSSION
Pore structures
The nitrogen adsorption/desorption characteristics of the original and modified ACFs were measured to examine the influence of modification on the pore structures. The specific surface areas and pore-size distributions were calculated from the data arising from the nitrogen adsorption/desorption isotherms. Table 1 lists the characteristics of the original ACFs and the modified electrodes (ACF1-5). Each electrode possessed a specific surface area of ca. 1400 m 2 /g, there being little difference in surface area before and after modification. Figure 2 shows the pore-size distribution of the ACFs. It was found that micropores of less than 1 nm in diameter were present in all the ACFs, and the fact that the pore structure remained virtually unchanged after modification was confirmed.
Surface functional groups
FT-IR results
The chemical structures of the ACFs were analyzed by FT-IR spectroscopy. Figure 3 shows typical FT-IR spectra for the various ACF samples. The adsorption band visible at 1100 cm -1 in the various spectra may be associated with the C-O stretching bands of phenol, ether and ester. The bands in the various spectra at 670 and 820 cm -1 are representative of ether groups containing C-H bonds (Lyubchik et al. 2002; Domingo-García et al. 2002; Fuente et al. 2003) . Absorption bands at ca. 1680, 1720 and 1780 cm -1 relate to the C=O stretching band of the carboxylic group (Puziy et al. 2003; Biniak et al. 1999; Shin et al. 1997) . A weak but sharp absorption band at 3700 cm -1 and a stretching band at 3780 cm -1 may be assigned to the O-H groups of phenolic hydroxy (Fuente et al. 2003; Puziy et al. 2003) . The data obtained indicate that, as a result of modification, ether, carboxylic and phenolic hydroxy groups were attached onto the surface of the ACF. Table 1 shows the characteristics of the original and modified ACFs. The acidic functional groups on the ACFs increased by ca. 5.7-times in comparison to the value noted for the unmodified ACF. Compared with other functional groups, the increased ratio of carboxylic groups was the greatest, being 11-times that of the original ACF. This trend is in agreement with the report of Nakahara and Sanada (1995) regarding the generation mechanism for acidic functional groups on activated carbons brought about by oxidation in a liquid phase.
Results of the Boehm acidity titrations
Characteristics of ammonium ion removal
Properties of ammonium ions
The dissociation (hydrolysis) of ammonium ions and the equilibrium constant at 298 K may be written as follows (Boudart and Loffler 1984; Maeda 1987; Maeda and Kato 1995) :
(1)
( 2) where [ ] denotes the concentration of each species. Figure 4 shows the relationships between the mole fractions of both ammonia species and pH as calculated from the value of the dissociation constant. It will be noted that a change in the pH value led to a variation in the mole fractions of the ammonia species. Almost all the ammonia species exist as ammonium ions at pH values less than 7.0; however, at pH values greater than 7.0, the presence of ammonium ions decreases steadily, with only a negligible amount of these ions being present at pH values above 12. Figure 5 shows the influence of time and pH on the removal ratio of ammonium ions from aqueous solution. The removal ratio may be calculated as follows:
Effect of pH on the removal of ammonium ions
(3)
The pH of the effluent started to increase immediately after application of a voltage and attained a value of nearly 9.0 after 20 min; thereafter, the removal ratio decreased. Such a decrease in the removal ratio and a change in the pH value were only observed for ammonium ions, and were not observed for other cations such as Na + , Ca 2+ and Cu 2+ . The data depicted in Figure 4 indicate that the reason for the decrease in the removal ratio may be associated with the low ionization ratio of the ammonia species linked to the corresponding increase in the pH value. For this reason, the pH of the solution should be maintained below 7 for efficient ion removal. Consequently, pH adjustment towards the acidic side was carried out by the addition of HCl solution to promote the ionization of ammonia; however, the ammonia species were not efficiently removed due to the competitive adsorption of hydrogen ions.
Effect of functional groups
The introduction of acidic functional groups onto the activated carbon surface was examined for the purpose of controlling the pH and modifying the lyophilic properties of the activated carbon. Thus, samples with differing amounts of acidic functional groups (ACF1-5) were used as electrodes in the capacitor for the removal of ammonium ions. Figure 6 shows the relationship between the amount of acidic functional groups and the amount of ammonium ions removed. In Figure 6 of an applied potential indicate the extent of ion exchange between the hydrogen ions in solution and the acidic functional groups; similarly, the amounts of ions removed while applying a potential of 1.0 V indicate the sum of the effects of ion exchange and EDL adsorption. Figure 6(b) shows the difference between these values, viz. the amounts of ions removed solely by EDL adsorption. When the original unmodified ACF was used as the electrode, the amount of ions removed was small because the degree of ionization of ammonia was ca. 60% at pH 9.0. However, with the modified electrodes, the amounts removed increased by 1.7-times above the maximum value achieved for the original unmodified electrode. This was because the pH of the solution was maintained at a lower value at which ammonia was almost completely ionized (see data listed in Table 2 ). However, when the ACF contained > 1.5 mmol/g functional groups, the amounts of ions removed gradually decreased as the amount of functional groups increased. This observed decrease is consistent with the results we have reported previously, where an excess amount of functional groups on the ACF led to steric hindrance (Yamashita et al. 2004 ). This indicates that the introduction of excess functional groups effectively closes the pores and interferes with the transport of ions. When the quantity of functional groups introduced onto the ACF was < 1.5 mmol/g, the amount of ion exchange was small and became almost stable. However, at > 1.5 mmol/g functional groups on the ACF, the amount of ion exchange increased remarkably and was accompanied by a decrease in the amount of EDL adsorption. Thus, the introduction of acidic functional groups onto the ACF at a concentration of 1.5 mmol/g provides the most suitable level for EDL adsorption at a given electrode. These results indicate that two kinds of processes are involved in the adsorption of NH 4 + ions; EDL and ion-exchange adsorption. Table 2 lists the pH value of a 1 mmol/ᐉ aqueous NH 4 Cl solution and the average pH values of the effluents treated with each electrode. The pH of the solutions decreased after EDL treatment using modified electrodes. This decrease in pH may be caused by an ion-exchange process between the hydrogen ions initially associated with acidic functional groups on the surface of the ACFs and ammonium ions in the aqueous medium. The modified ACFs contain two kinds of acidic functional groups, carboxy and phenolic hydroxy, and their corresponding ion-exchange reactions may be represented as follows.
Dissociation of acidic functional groups
(4)
where RCOOH and ROH are the acidic functional groups .  Figures 7(a) and (b) show the relationships between the amounts of (a) carboxy and (b) phenolic hydroxy groups and the amounts of ion-exchanged hydrogen ions calculated from the pH changes, where the amounts of functional groups were measured by acid-base potentiometric titration. A fair correlation was found between the amount of carboxy groups and the amount of ion-exchanged hydrogen ion (correlation coefficient = 0.996). However, no correlation existed for the phenolic hydroxy groups. Consequently, it was considered that only the carboxy groups were dissociated, as shown in equation (4). Such dissociation led to control of the solution pH to a value below 7, so that it was possible to adsorb ammonium ions via the EDL principle.
Ion-exchange reaction
The data depicted in Figure 6(a) indicate that all the ACFs underwent an ion-exchange reaction. The amount of ions removed by such ion exchange for the ACF-3 electrode amounted to only 1.8% of the total amount of removed ions. However, when the ACF-4 and ACF-5 electrodes, which contained many acidic functional groups, were employed, the extent of ion exchange increased. This reaction may be depicted as:
where RCOOand R -= acidic functional groups and A + = NH + 4 . For ACF and ACF1-3, although an acidic functional group is dissociated no ion-exchange reaction occurs. Hence, ACF and ACF1-3 were suitable for the adsorption of ammonium ions. Figure 8 shows the cyclic voltammograms (CVs) for ACF-1, ACF-3 and ACF-5, respectively. The absence of a faradic current peak confirms that the ammonium ions were adsorbed via EDL principles. The capacitance at the ACF electrodes was obviously small, but increased in going from ACF-1 to ACF-3. This trend corresponds with the result shown in Figure 6(b) . On the other hand, the capacitance of ACF-5 was probably reduced as a result of steric factors, since this capacitance had almost the same value as that of ACF-3. Two reasons may be advanced for this observation: (i) a slight faradic current peak only occurs with ACF-5 which, as a result, only exhibits a pseudo-capacitance; (ii) it has been reported previously that it is difficult to generate sufficient capacitance in dilute aqueous solutions (Yang et al. 2003) . Since the electrolyte . Cyclic voltammograms for modified ACFs studied. The various lines depicted correspond to the following ACFs: -· -· -, ACF; ---, ACF-1; --, ACF-3; · · · · , ACF-5. employed was a 1 mol/ᐉ aqueous solution of NH 4 Cl, the ions were completely diffuse in the solution and no difference in capacitance arose from this source. Figure 9 shows the correlation between the electrical charge and the amounts of ions removed while Figure 10 shows the relationship between the acidity of the system, the electrical charge and the total amount of ions removed. It will be seen from Figure 9 that the amounts removed increased as the electrical charge increased. However, the results obtained for EDLs where the amount of functional groups introduced was greater than 1.50 mmol/g differed from those observed previously. The redox reaction involving the acidic functional groups was confirmed for ACF-5 and there was a similar peak for ACF-4. However, no peak was observed for ACF1-3, thereby indicating that the redox reaction and the corresponding removal of ions involved the consumption of the whole of the electrical charge.
CV measurements
Effect of combination of electrodes
The capacitance was measured using a two-electrode cell employing the following conditions: (i) both electrodes were unmodified ACFs; (ii) both electrodes were modified ACFs; (iii) the positive electrode was an unmodified ACF while the negative electrode was a modified ACF. Figure 11 shows the relationship between the acidic functional groups and the capacitance for these various electrode combinations. When the modified AFCs were only employed as the negative electrode, the capacitance was higher than that obtained when both electrodes were modified ACFs. It should be noted that the surface charge of a solid is changed by the dissociation of functional groups and the adsorption of H 3 O + ions (Tamai et al. 1998) , and that the zeta potential becomes negative in value when acidic functional groups are introduced (Yamashita et al. 2004) . This could suggest that the increase in the negative electrical charge on the electrode surface observed when electrodes with acidic functional groups only were employed as negative electrodes arises from the development of a strong EDL.
It is possible that this result could be applied to the development of a flow-through capacitor. Hence, this electrode configuration was employed in experiments designed for the removal of ammonium ions. Modified ACFs were used as the negative electrode on the input side in such a flow-through capacitor and Figure 12 shows the relationship between the acidic functional groups and the amounts of ammonium ions removed under these conditions. Using the modified ACF solely as the negative electrode led to the amounts of ammonium ions removed being 20% larger than the maximum extent of removal achieved when modified ACFs were employed as both electrodes. Table 3 shows the removal and concentration ratios of phosphoric and nitric acid ions as calculated from adsorption/desorption measurements. The removal ratios of both ions were similar for each cycle. This arose from the development of a diffuse layer in dilute aqueous solutions (Kern and Landolt 2001) . Furthermore, the removal ratio of phosphoric acid ions was lower (70%), suggesting that the phosphate ion was more difficult to adsorb onto the electrode surface than nitrate ions. We suggest that this difference may be due to the surface charge on the ACF electrodes and consequently we have measured the pH pzc value for ACF for each value of the solution pH.
Adsorption/desorption properties of anions
The mass titration results for ACF are shown in Figure 13 where the pH values are shown as a function of solid fraction in the solution. From the asymptotic values of the different initial Solid fraction (wt%) 0 2 4 6 8 10 0 5 10 pH Figure 13 . Mass titration results for ACF. Data points relate to the following: ᭹, pH 0 = 3.0; ᭡, pH 0 = 6.0; , pH 0 = 11.0. pH conditions, the value of the pH pzc for the ACF was 8.5. The pH of the sodium phosphate solution was 9.4 while that of the sodium nitrate solution was 6.1. The surface charge was positive at pH < pH pzc and negative at pH > pH pzc (Ying et al. 2002; Shin et al. 2001 ). Hence, it is possible that the electrode surfaces were negatively charged in acidic phosphate solutions and positively charged in sodium nitrate solution, with the difference in the removal ratio being the result of electrostatic gravitation. Additionally, the performance of an EDLC using nanoporous carbon electrodes could be enhanced by the electro-adsorption of anions brought about by proton assistance (EAPA) (Eliad et al. 2005) . As a consequence, the removal ratio of nitrate ions was higher because of the large number of hydrogen ions present in solution. On the other hand, on comparing the concentration ratio of each anion, it will be seen that the nitrate ion was the most difficult to desorb. Since the surface charge density of nitrate ions is small (Torrie and Valleau 1980) , those ions that are present inside the outer Helmholtz layer are adsorbed directly onto the electrode.
CONCLUSIONS
It was possible to remove ammonium ions efficiently using modified ACF electrodes because the solution pH was controlled. Both the amount of ions removed and the capacitance were highest when the total amount of functional groups was 1.5 mmol/g, but decreased when the total amount was greater than this. It is suggested that steric hindrance and redox reactions are influenced by increased amounts of acidic functional groups.
Anions were mainly adsorbed at the diffuse layer. It was demonstrated that the desorption of nitrate ions and the adsorption of phosphate ions from/to an EDL was not easily achieved. The former is affected by the surface charge on the electrodes or EAPA phenomenon, while the latter is influenced by specific adsorption.
